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New resonance Λ c (2860)
+ , reported by LHCb, is a key to establish D-wave charmed and charmed-strange baryon families. In this work, we first carry out an analysis of mass spectra of the λ-mode excited charmed and charmed-strange baryon states, which may reveal the relation of Λ c (2860) 
I. INTRODUCTION
Very recently, a new charmed baryon state, which is named as Λ c (2860) + , was found by LHCb in the D 0 p channel [1] . Its mass and decay width were determined as Additionally, experimental analysis indicated that it has spinparity quantum number J P = 3/2 + . Before the observation of LHCb, there was possible evidence of Λ c (2860)
+ existing in the BaBar data [2] . This newly observed Λ c (2860) + directly confirms the predictions in Refs. [3] [4] [5] [6] , where a Dwave charmed baryon around 2.85 GeV and with J P = 3/2 + was suggested to be accompanied with the observed charmed baryon Λ c (2880) + [7] . In the past years, more and more charmed baryons were reported with the experimental progress (see a recent review paper [8] for more details). Due to the experimental and theoretical effort, S-wave and P-wave charmed baryon families were established step by step. It is obvious that it is not the end of whole story. 
It is obvious that the information above is crucial to find the relation among these four states and identify their properties. In this work, we carry out a mass spectrum analysis by combing with these observed Λ c (2860
+ , and Ξ c (3080) + , which may suggest that these four states are 1D candidates in charmed baryon family. For further testing this assignment to them, we need to perform the study of two-body Okubo-Zweig-Iizuka (OZI) allowed strong decay behavior of them, where the Eichten-Hill-Quigg (EHQ) decay formula is adopted. This paper is organized as follows. After introduction, we give a mass spectrum analysis of these discussed Λ c (2860) + , Λ c (2880) + , Ξ c (3055) + , and Ξ c (3080) + in Sec. II. In Sec. III, the two-body OZI-allowed decays of these four charmed baryons will be discussed. The paper ends with the discussion and conclusion in Sec. IV.
II. THE MASS SPECTRUM ANALYSIS OF D-WAVE CHARMED AND CHARMED-STRANGE BARYONS
Many works have focused on the mass spectra of higher excited charmed baryons, where different phenomenological models were adopted which include the relativistic flux tube (RFT) model [3] , the potential models [4, 5, [14] [15] [16] , the QCD sum rule [6] , and the Regge phenomenology [17] . In Table I , we collect some predicted masses for D-wave charmed and charmed-strange baryons. In Refs. [3, 4, [14] [15] [16] , the λ-mode excitations of charmed baryons were investigated, where the orbital excitation only exists between light quark cluster (two light quarks) and charm quark. Just shown in Table I , the mass of the 1D charmed baryon with J P = 3/2 + is about 2840 ∼ 2890 MeV. Thus, the newly observed Λ c (2860) + can be assigned as the D-wave 3/2 + charmed baryon with λ mode excitation well. As expected by theories (see Table I + , and Ξ c (3080) + ) are still in dispute. Here, δ 1i (i = S , P, D) denotes the mass gaps between i-wave Λ c and Ξ c states. ∆ 1P−1S refers to the mass difference between the P-wave and S-wave excited states, while ∆ 1D−1P denotes the mass gap between the D-wave and P-wave excited states.
When checking the masses of Λ c (2860
+ and Ξ c (3080) + , we find the mass relations Fig. 1 ). This assignment to Ξ c (3055) + and Ξ c (3080) + can be also supported by theoretical results since the 1D Ξ c states with J P = 3/2 + and J P = 5/2 + were predicted with mass about 3000 ∼ 3090 MeV [3, 4, [14] [15] [16] (see Table I for more details).
If we consider the SU(3) flavor symmetry, the comparable mass splittings in 1S and 1P charmed and charmed-strange baryons [7] can be explained by a RFT model [3] . And then, the mass splitting (22 MeV) for the λ-mode excited D-wave 3/2 + and 5/2 + Λ c states was predicted in Ref. [3] , which is in good agreement with the experimental data (26 MeV). In addition, the averaged mass of Λ c (2860) + and Λ c (2880) + is about 256 MeV higher than that of the 1P states, which is also consistent with the theoretical estimate in Ref. [3] .
When further comparing the masses of well-established Swave and P-wave Λ c /Ξ c states [7] , we also find that the mass gaps between the corresponding Λ c and Ξ c states is about 190 MeV (see Fig.1 ). This law for the mass difference between Λ c and Ξ c families has also been explained by the RFT model [3] + , respectively. By the above analysis of mass spectrum, we may con-
and Ξ c (3080) + are categorized into λ-mode excitations of Dwave charmed and charmed-strange baryons. To test this assignment to them, in following, we will perform a detailed study of their two-body OZI-allowed strong decays, by which their partial and total decay widths can be obtained.
III. THE DECAY BEHAVIOR OF THESE DISCUSSED STATES
In this section, we will employ the EHQ decay formula which was proposed by Eichten, Hill, and Quigg (EHQ) [18] to calculate the two-body OZI-allowed decays of Λ c (2860
The general expression of the EHQ decay formula reads
Here, the flavor factors, ξ, have been given in Ref. [4] . q = | q| denotes the three-momentum of a final state in the rest frame of an initial state. A and B represent the initial and final heavylight hadrons, respectively. The total angular momenta and the corresponding projections are defined as J i and j i (i = A, B), respectively. Here C denotes the light flavor hadron. The explicit expression ofβ has been given in our previous work [4] (see Appendix A in Ref. [4] for more details). In addition, the normalized coefficient C
is given by the following equation
where j C ≡ s C + ℓ. The symbols s C and ℓ represent the spin of the light hadron C and the orbital angular momentum relative to B, respectively. The spin of heavy quark Q is denoted as s Q . The coefficient given by Eq. (8) has explicitly incorporated into the heavy quark symmetry which is believed to be important for the strong decays of heavy-light hadrons [19] . The transition factors M j A , j B j C ,ℓ (q) which is related to the non-perturbative dynamics can be calculated by various phenomenological models. In this work, the transition factors can be calculated by the 3 P 0 model [20] [21] [22] . In the following, we briefly introduce the procedure of calculating these transition factors by the 3 P 0 model. Firstly, the mock states of initial and final hadrons are constructed, where a simple harmonic oscillator (SHO) wave function is applied to describe the spatial wave function of a hadron state involved in these discussed decays. And then, the helicity amplitude M j A , j B , j C (q) can be deduced by the transition operatorT of the 3 P 0 model. With the help of Jacob-Wick formula, the partial wave amplitudes M LS (q) are related to the obtained helicity amplitude M j A , j B , j C (q). By performing a unitary rotation between the LS coupling and j j coupling, finally, the transition factors M j A , j B j C ,ℓ (q) can be extracted directly. More details for this approach can be found in Ref. [4] . For different decay modes Table II . With the above preparation, the partial and total widths can be calculated for the D-wave charmed baryons. ) + is 71.9 MeV which is in agreement with the LHCb data well [1] . Therefore, we may conclude that Λ c (2860) + as the λ-mode excited D-wave state with J P = 3/2 + can be established well.
In the following, we continue to discuss Λ c (2880) + . This state has been detected in the D 0 p channel by BaBar [2] and LHCb [1] . These measurements indicate that D 0 p is a primary + as a D-wave state with J P = 5/2 + . Firstly, the calculated total decay width is 4.4 times larger than the experimental width of Λ c (2880) + . However, the measurement given by CLEO [9] and Belle [10] indicates that Σ * c (2520)π is a less important decay mode for Λ c (2880)
+ . Thirdly, we cannot reproduce the ratio listed in Eq. (1). Thus, if categorizing Λ c (2880)
+ as the λ-mode excited D-wave state with J P = 5/2 + , we have to be faced with these three contradictions indicated above, and should provide reasonable solution. In Sec. IV, we will discuss this point.
B. Ξ c (3055)
+ and Ξ c (3080)
+
We study the decay properties of Ξ c (3055) + as the λ-mode excited D-wave charmed-strange baryon with J P = 3/2 + . The results presented in Table IV show that D + Λ and Σ c (2455)K are its dominant decay modes, which naturally explain why Ξ c (3055) + was firstly found in the Σ c (2455) ++ K − channel by BaBar [12] , and confirmed by Belle in the Σ c (2455)
++ K − and D + Λ channels [13] . In addition, the theoretical value for the Γ(D + Λ)/Γ(Σ c (2455)K) ratio is about 2.3 which is comparable with the experimental data (see Eq. (2)) if considering the experimental error.
The obtained total width of Ξ c (3055) + as a D-wave charmed-strange baryon with J P = 3/2 + is about 15.4 MeV, which is comparable with the upper limit of Belle's result (5.1 ∼ 10.5 MeV). Based on the analysis of mass spectrum and the study of the decay behavior, Ξ c (3055) + could be regarded as the 3/2 + D-wave state. In other word, Ξ c (3055) + may be the strange partner of Λ c (2860) + . This assignment to Ξ c (3055) + is also supported by an analysis in the chiral quark model [23] . Under this assignment, we have given a strong prediction of the spin-parity quantum number of Ξ c (3055) + , i.e., Ξ c (3055) + has J P = 3/2 + . This tough prediction can be tested directly by further experiment study.
As a λ-mode excited D-wave charmed-strange baryon with J P = 5/2 + , Ξ c (3080) + has two main decay modes Σ c (2520)K and D + Λ. We notice that Ξ c (3080) + was observed in the channels of Λ 12, 13] , and D + Λ [13] . Although our theoretical result can reasonably explain why Ξ c (3080) + was found in the Σ * ++ c K − [12, 13] , and D + Λ [13] channels, we cannot reproduce the ratios listed in Eqs. (2)- (3) since our calculation shows that the partial decay width of the Σ c (2455)K channel is only about 0.6 MeV. So it is far smaller than that of Σ c (2520)K (see Table IV ). Similar to the situation of Λ c (2880) + , the obtained total decay width of Ξ c (3080) + is about 4 times larger than experimental measurement [13] . Then we also need to face the contradictions above if we assign Ξ c (3080) + as a λ-mode excited D-wave charmed-strange baryon with J P = 5/2 + . [13] 7.8 ± 1.2 ± 1.5 3.0 ± 0.7 ± 0.4
Before closing this section, we need to discuss the theoretical uncertainties of the results presented in Tables III  and IV . The main uncertainties may come from the approximations used to obtain the EHQ decay formula, adopting a simple harmonic oscillator wave function to replace the hadron wave functions, and ignoring relativistic effect. Additionally, we adopt experimental widths like Σ c (2520) ++ → Λ c (2286) + π + [4] to fix the value of parameter γ and take the experimental masses of initial and final states as input, which provide extra sources of uncertainty of these obtained result. For further testing this assignment, we carry out a study of their two-body OZI-allowed strong decays, which provide valuable information of their partial and total decay widths. For Λ c (2860) + , the assignment as a λ-mode excited D-wave charmed baryon with J P = 3/2 + is suggested since the obtained theoretical results of partial and total decay widths can reproduce the experimental data well. And then, Ξ c (3055) + as the strange partner of Λ c (2860) + is also supported by the study of its decay behavior. In fact, the present study gives an strong constraint of the spin-parity quantum number of Ξ c (3055) + , where Ξ c (3055) + has J P = 3/2 + . This prediction is a crucial information to further test the D-wave assignment to Ξ c (3055) + in future experiment. Although a spectrum analysis strongly suggests that Λ c (2880) + and Ξ c (3080) + can be explained as the λ-mode excited D-wave charmed and charmed-strange baryons, respectively, with J P = 5/2 + . However, there exist some difficulties when we further study their strong decay properties, i.e., the total decay widths of Λ c (2880) + and Ξ c (3080) + obtained in our model is far larger than the experimental widths. And some experimental ratios of the partial decays cannot be reproduced in the present scenario.
IV. DISCUSSION AND CONCLUSION

Stimulated by newly reported
If Λ c (2880) + and Ξ c (3080) + are difficult to be identified as λ-mode excited D-wave charmed and charmed-strange baryons, respectively, we need to further search for other possible assignments to Λ c (2880) + and Ξ c (3080) + . For example, Λ c (2880) + and Ξ c (3080) + as ρ-mode excited states or ρ-mode and λ-mode simultaneously excited states in the Dwave charmed and charmed-strange baryon families should be tested by the mass spectrum analysis and the study of their decay behavior. Besides, the mixing effect of the different D-wave states with J P = 5/2 + should be considered in future work. In addition, we notice the D * N and DN molecular state assignments to the observed Λ c (2940) + and Σ c (2800) in literatures [24, 25] as the D-wave charmed and charmed-strange baryons. We have reasons to believe that D-wave charmed and charmedstrange baryon families will become more and more abundant with experimental progress and theoretical effort. Finally, the D-wave Λ c and Ξ c states will be established, which is an interesting research issue in the coming years.
